The degradation of 7,12-dimethylbenz[a]anthracene (DMBA), a carcinogenic polycyclic aromatic hydrocarbon, by cultures of Mycobacterium vanbaalenii PYR-1 was studied. When M. vanbaalenii PYR-1 was grown in the presence of DMBA for 136 h, high-pressure liquid chromatography (HPLC) analysis showed the presence of four ethyl acetate-extractable compounds and unutilized substrate. Characterization of the metabolites by mass and nuclear magnetic resonance spectrometry indicated initial attack at the C-5 and C-6 positions and on the methyl group attached to C-7 of DMBA. The metabolites were identified as cis-5,6-dihydro-5,6-dihydroxy-7,12-dimethylbenz[a]anthracene (DMBA cis-5,6-dihydrodiol), trans-5,6-dihydro-5,6-dihydroxy-7,12-dimethylbenz[a]anthracene (DMBA trans-5,6-dihydrodiol), and 7-hydroxymethyl-12-methylbenz[a]anthracene, suggesting dioxygenation and monooxygenation reactions. Chiral stationary-phase HPLC analysis of the dihydrodiols showed that DMBA cis-5,6-dihydrodiol had 95% 5S,6R and 5% 5R,6S absolute stereochemistry. On the other hand, the DMBA trans-5,6-dihydrodiol was a 100% 5S,6S enantiomer. A minor photooxidation product, 7,12-epidioxy-7,12-dimethylbenz[a]anthracene, was also formed. The results demonstrate that M. vanbaalenii PYR-1 is highly regio-and stereoselective in the degradation of DMBA.
7,12-Dimethylbenz[a]anthracene (DMBA) is a potent carcinogen in rodent skin and mammary cells (7) . Alkylated benz[a]-anthracenes are formed in sediments by thermal processes and have also been identified in cigarette smoke condensate, coal gasification and stock gas particulates, and roofing tar extracts (1, 10) . Studies from several laboratories have indicated that DMBA is bioactivated by various isoforms of mammalian cytochrome P-450 and epoxide hydrolase to form DMBA-3,4-dihydrodiol-syn-and anti-1,2-epoxides that react with DNA to form adducts that lead to tumor initiation (22, 32, 33 ). An alternative mechanism for metabolic activation is hydroxylation of the alkyl side chain to form hydroxymethyl derivatives, followed by sulfotransferase-catalyzed activation of DMBA to form electrophilic sulfuric acid esters that bind to DNA (6). 7,12-Dimethylbenz[a]anthracene has been used as a model polycyclic aromatic hydrocarbon (PAH) in the following ways: (i) as a tumor initiator or as a complete carcinogen in rodent skin and mammary gland models of carcinogenesis (15, 22) , (ii) as a prototype methyl-substituted PAH in mutation and cancer research (15) , (iii) to determine whether metabolic activation occurs via bay-region dihydrodiol epoxide metabolites or hydroxylation of the methyl substituent with subsequent formation of electrophilic sulfuric acid esters (6) , and (iv) to determine the environmental fate of methyl-substituted PAHs.
In contrast to the numerous studies of the metabolism, DNA adduct formation, and tumor induction by DMBA in mammalian cells, little is known about the microbial metabolism of this potent carcinogen. Several strains of fungi metabolize methylbenz [a] anthracenes at the methyl group, with further oxidation of the aromatic ring to form hydroxymethylbenz [a] anthracenetrans-dihydrodiols. The results from these studies indicate that the fungal cytochrome P-450 monooxygenase and epoxide hydrolase enzyme systems were highly regio-and stereoselective in the metabolism of methylbenz [a] anthracenes (3, 4, 24, 25) . The mutagenic activity of ethyl acetate extracts from two filamentous fungi, Cunninghamella elegans and Syncephalastrum racemosum, grown in the presence of 7,12-dimethylbenz[a]anthracene decreased with time of incubation and metabolism (5, 25) . Pseudomonas aeruginosa was able to oxidize the methyl groups of DMBA to form hydroxymethyl derivatives (36) .
Recently, we reported that Mycobacterium vanbaalenii PYR-1 can metabolize a wide variety of PAHs, including naphthalene, biphenyl, anthracene, phenanthrene, pyrene, fluoranthene, and benzo[a]pyrene (11-14, 16, 17-21, 26, 27) . In the present paper, we provide the first detailed report on the bacterial metabolism of DMBA by M. vanbaalenii PYR-1. Enantiomeric resolution of the initial dioxygenation and monooxygenation metabolites is described.
MATERIALS AND METHODS
Chemicals. [7,12- 14 C]DMBA (specific activity, 97.4 mCi/mmol) was purchased from New England Nuclear (Boston, Mass.). Unlabeled DMBA (95% pure) was purchased from Sigma Chemical Company (St. Louis, Mo.). Bacteriological media and reagents were purchased from BD Biosciences, Difco Laboratories (Detroit, Mich.). Deuterated acetone (99.96% pure), used as the solvent for nuclear magnetic resonance (NMR) analysis, was purchased from Isotec, Inc. (Miamisburg, Ohio). Other solvents were purchased from J. T. Baker, Inc. (Phillipsburg, N.J.), and were of the highest purity available. Racemic DMBA cis-5,6-dihydrodiol and DMBA trans-5,6-dihydrodiol were prepared following published procedures (8) .
Cultural conditions. Cultures of M. vanbaalenii PYR-1 DSM 7251 were grown in 1-liter Erlenmeyer flasks containing 500 ml of minimal basal salts medium supplemented with 0.38 g/ml each of peptone, yeast extract, and soluble starch. A 100-l aliquot of 70 mM phenanthrene in N,N-dimethylformamide was added to each flask for enzyme induction. The cultures were grown for 4 days in the dark at 28°C with shaking at 110 rpm. The cells from the flasks were harvested by centrifugation (7,000 ϫ g for 10 min) and resuspended in 50 ml of the medium in 250-ml Erlenmeyer flasks. DMBA was dissolved in N,N-dimethylformamide and added to the cultures at a final concentration of 0.47 mM. Flasks were harvested at 6, 24, 48, 72, 96, 129, 136, 160, 184 , and 256 h to determine the time of optimum metabolite production. A larger group of cultures was grown, treated with DMBA in the same manner, and incubated for 136 h. Flasks containing only the culture and noninoculated flasks containing only DMBA and medium were used as controls.
The contents of each flask, including the controls, were extracted with 3 equal volumes of ethyl acetate. The organic extracts were dried over sodium sulfate and evaporated to dryness with a Buchi 011 rotary evaporator (Brinkmann Instruments, Westbury, N.Y.). The pH of the remaining aqueous fraction was lowered to 2.5 with 6 M hydrochloric acid, and the contents were extracted again with ethyl acetate to isolate the acidic metabolites. The residues were dissolved in 3 ml of methanol and concentrated to approximately 100 l with a model SS21 Savant Speed-vac system (Savant Instruments, Holbrook, N.Y.) for analysis by reversed-phase high-pressure liquid chromatography (HPLC).
Radiolabeling experiments. Mineralization experiments, as evidenced by CO 2 evolution, were carried out with a CO 2 trap containing 15 ml of 5.0 M NaOH. Phenanthrene-induced Mycobacterium cells were added to 50 ml of minimal basal salts medium supplemented with 0.38 g/ml each of peptone, yeast extract, and soluble starch and treated with 1. 18 Inertsil ODS-3 column (4.6 by 250 mm; MetaChem Technologies, Torrance, Calif.) at a flow rate of 1 ml/min. UV absorbance spectra were obtained on line with a diode array model 1040A detector at 254 nm. The compounds were eluted with a linear gradient of 40 to 95% methanol-water over 40 min. For collection of larger amounts of metabolites, a Beckman model 100A chromatograph (Beckman Instruments, Fullerton, Calif.) with an Inertsil ODS-3 column (10 by 250 mm; MetaChem) was used. The mobile phase and gradient were the same as above, but with a 5-ml/min flow rate.
The compounds were analyzed by gas chromatography-mass spectrometry (GC-MS) on a ThermoFinnigan TSQ 700 gas chromatograph-mass spectrometer (Finnigan Corp., San Jose, Calif.) in the electron ionization, single-quadrupole mode. The ion source temperature was 150°C, and the electron energy was 70 eV (uncorrected). The first quadrupole analyzer was scanned from m/z 50 to 450 in 0.5 s. The Varian model 3400 gas chromatograph (Varian, Inc., Palo Alto, Calif.) employed a septum-equipped, temperature-programmable injector and a J&W (Agilent Technologies, Palo Alto, Calif.) DB-5ms capillary column (30 m by 0.25 mm by 0.25 m) that was coupled directly to the ion source through a heated interface.
NMR spectra were recorded at 500.13 MHz on a Bruker AM500 spectrometer (Bruker Instruments, Billerica, Mass.). The metabolites were dissolved in 0.5 ml of deuterated acetone.
1 H chemical shifts are reported on the ␦ scale (in parts per million) by assigning the residual solvent peak to 2.04 ppm. Typical 1 H data acquisition parameters were: data size, 32,000; sweep width, 7,042 Hz; filter width, 8,900 Hz; acquisition time, 2.33 s; flip angle, 90°; relaxation delay, 0 s; temperature, 301 K. For spectra recorded under quantitative conditions, a 10-s relaxation delay was used. For measurement of coupling constants, the free induction decay was zero-filled to 64,000, resulting in a final data point resolution of 0.215 Hz per point. Only first-order coupling constants are reported.
Direct resolution of DMBA cis-5,6-dihydrodiol and DMBA trans-5,6-dihydrodiol enantiomers by chiral stationary-phase (CSP) HPLC was performed with an (R,R) Whelk-O1 column (4.6 by 250 mm; Regis Technologies, Morton Grove, Ill.). The dihydrodiol enantiomers were eluted isocratically with hexane-isopropanol (80%:20%, vol/vol) at a flow rate of 1 ml/min. The ratios of the enantiomers were calculated based on comparison of peak areas of the two enantiomers.
Circular dichroism (CD) spectra of DMBA cis-5,6-dihydrodiol and DMBA trans-5,6-dihydrodiol dissolved in methanol were measured in a quartz cell of 1-cm path length on a Jasco model 500A spectropolarimeter. CD spectra are expressed as ellipticity ( in millidegrees) as described by Fu and Yang (8) .
RESULTS
Identification of DMBA metabolites. After 136 h of incubation of M. vanbaalenii PYR-1 in the presence of DMBA, HPLC analysis of the ethyl acetate extracts showed compounds with retention times (t R ) of 9.4, 12.5, 13.1, 14.1, and 26.0 min (Fig. 1) . Radiolabel experiments indicated that less than 5% and 1% of the DMBA was metabolized and mineralized, respectively. The metabolites, compounds I through IV, were found in a ratio of 1:4.2:2.5:20.
The compounds were further analyzed by GC-MS. Compounds I (t R ϭ 9.4 min) and II (t R ϭ 12.5 min) had GC-MS retention times of 16.70 min and 17.13 min, respectively. They had essentially the same mass spectra, with base peak molecular ions at m/z 290 [M (24) , with the hydroxyl groups in a quasi-diaxial conformation (Fig. 3) . Compound II eluted at 12.5 min and had the same UV absorbance spectrum as compound I ( max ϭ 227, 259, 266, and 298 nm). The chemical shifts of the resonances in the NMR spectrum were within 0.08 ppm of those of compound I, with the exception of the H4 resonance, which was shifted downfield 0.37 ppm (Fig. 3) . The H5 and H6 coupling constants were also 3. Comparison of the retention time, UV absorption spectrum, mass spectrum, and NMR spectrum of the metabolite to those of a synthetic standard identified it as DMBA cis-5,6-dihydrodiol. The 5-and 6-hydroxyl groups were in quasi-equatorial and quasi-axial conformations, respectively (40) . The ratio of DMBA cis -5,6- 
(H12).
Optical purity and absolute configuration of DMBA 5,6-dihydrodiol metabolites. The optical purity and absolute configuration of the DMBA trans-5,6-dihydrodiol metabolite were determined by CSP HPLC and CD spectral analyses. To develop optimal conditions for direct resolution of this metabolite by CSP HPLC, direct separation of the synthetically prepared racemic DMBA trans-5,6-dihydrodiols was required. Several new types of CSP HPLC Pirkle columns, including the -acceptor type ␤-Gem 1 CSP column, the -acceptor type ␣-Burke 2 CSP column, and the -electron acceptor/-electron donor type (R,R) Whelk-O1 CSP column, as well as different solvent systems were used for comparison. The (R,R) Whelk-O1 CSP HPLC column with a hexane-isopropanol (80: 20; vol/vol) isocratic mixture provided the best resolution. It resulted in a baseline separation of the two DMBA trans-5,6-dihydrodiol enantiomers, with retention times of 8.35 and 9.60 min, respectively. Both of their UV-visible absorption spectra were identical to that of the DMBA trans-5,6-dihydrodiol metabolite, compound I.
The CD spectra of the two pure enantiomers were measured (Fig. 4) . The enantiomer that eluted first by CSP HPLC, 8.35 min, had a CD spectrum that was a mirror image of that of the enantiomer that eluted at 9.60 min. Both had identical Cotton effects at 238 and 266 nm, but had ellipticities of opposite value. Comparison with the CD spectrum of DMBA 5R,6R-dihydrodiol published by Yang and Fu (37) and by McMillan et al. (24) revealed that the DMBA trans-5,6-dihydrodiol enantiomers eluting at 8.35 and 9.60 min had the 5R,6R and 5S,6S absolute configurations, respectively (Fig. 4A) .
After the optimal conditions for direct resolution of the synthetically prepared racemic DMBA trans-5,6-dihydrodiol by CSP HPLC were obtained, the DMBA trans-5,6-dihydrodiol metabolite, compound I, was separated under identical conditions. Within the detection limit of the CSP HPLC separation conditions employed, this DMBA trans-5,6-dihydrodiol metabolite contained only the DMBA 5S,6S-dihydrodiol enantiomer, since it eluted at 9.60 min. This was further confirmed by analysis of its CD spectrum. As shown in Fig. 4A , the CD spectrum was similar to that of the DMBA 5S,6S-dihydrodiol enantiomer, having the identical Cotton effects shown at 238 and 266 nm and the same ellipticities. This CD spectral comparison confirmed that the DMBA trans-5,6-dihydrodiol metabolite obtained from metabolism of DMBA by M. vanbaalenii PYR-1 was a 100% pure 5S,6S enantiomer.
The optical purity and absolute configuration of the DMBA cis-5,6-dihydrodiol metabolite obtained from metabolism of DMBA by M. vanbaalenii PYR-1 were similarly determined. CSP HPLC directly resolved the synthetically prepared racemic DMBA cis-5,6-dihydrodiol into the two enantiomers. They both had UV-visible absorption spectra identical to that of the DMBA cis-5,6-dihydrodiol metabolite.
The CD spectra of the two enantiomers were measured (Fig.  4B) . The enantiomer that eluted first, 8.30 min, had a CD spectrum that was a mirror image to that of the enantiomer that on September 21, 2017 by guest http://aem.asm.org/ eluted at 9.61 min. Both had the same Cotton effects at 238 and 266 nm, but with ellipticities of opposite value. After comparison of the spectra with the CD spectrum (Fig. 4B ) of DMBA 5R,6S-dihydrodiol published by Yang et al. (39), we concluded that the DMBA cis-5,6-dihydrodiol enantiomers eluting at 8.30 and 9.61 min had the 5S,6R and 5R,6S absolute configurations, respectively. CSP HPLC was then used to separate the DMBA cis-5,6-dihydrodiol metabolite, compound II. The resulting chromatogram showed two peaks that had UV-visible absorption spectra identical to that of the DMBA cis-5,6-dihydrodiol metabolite. The ratio of the two enantiomers was determined based on comparison of peak areas of the two enantiomers. It was determined that compound II was 95% DMBA 5S,6R-dihydrodiol and 5% DMBA 5R,6S-dihydrodiol. Thus, the optical purity of the DMBA cis-5,6-dihydrodiol metabolite was 90%.
DISCUSSION
M. vanbaalenii PYR-1 initially oxidized DMBA at the Kregion (C-5 and C-6) to form cis-and trans-5,6 dihydrodiols, indicating aromatic ring dioxygenation and monooxygenation, respectively. More of the cis than the trans enantiomer was formed, with a ratio of 4.2:1, indicating that the dioxygenation mechanism is the preferred one for the formation of dihydrodiols. These results support earlier observations in our laboratory that this organism is highly regio-and stereoselective in the initial oxidation of high-molecular-weight PAHs. For example, M. vanbaalenii PYR-1 initially attacked the pyrene and phenanthrene nucleus to form pyrene and phenanthrene cisand trans-dihydrodiols in the 4,5 and 9,10 positions, the Kregion of each PAH.
Based on 18 O 2 incorporation experiments and rigorous structure elucidation analyses, we have shown that M. vanbaalenii has both a cytochrome P-450 monooxygenase/epoxide hydrolase and dioxygenases to catalyze the initial attack on the PAH (13, 16, 26) . The preferred regioselective attack at the K-region bonds and the mechanism of oxidation seem to be unique to Mycobacterium species. Recently, the PAH catabolic genes coding for the ␣-and ␤-subunits of the terminal dioxygenase for pyrene degradation have been characterized for this strain (21) . The nidA and nidB genes, encoding the ␣-and ␤-subunits of aromatic ring-hydroxylating dioxygenase, respectively, were novel compared to sequences of this enzyme from gram-negative bacteria that degrade PAHs. Although we have not attempted to characterize the cytochrome P-450 in M. vanbaalenii PYR-1, a soluble cytochrome P-450 monooxygenase has been detected in several mycobacterial strains involved in the degradation of morpholine, piperidine, and pyrrolidine (28, 29, 30) . The genes encoding the piperidine-inducible cytochrome P-450 have been characterized in Mycobacterium smegmatis strain mc 2 155 (30). The DMBA trans-5,6-dihydrodiol formed by Mycobacterium vanbaalenii PYR-1 has similarities to and differences from those produced from mammalian and fungal systems. It is known that the metabolism of PAHs by mammalian enzymatic systems produces only the trans-dihydrodiol metabolites, never a cis-dihydrodiol (37, 38) . This is because a PAH is biotransformed into a trans-dihydrodiol in two steps: epoxidation of the PAH to form an arene oxide and subsequent hydrolysis of the arene oxide. The first reaction is catalyzed by cytochrome P-450 and the second by epoxide hydrolase (Fig. 5) . The fungi Syncephalastrum racemosum and Cunninghamella elegans both formed 7-hydroxy-trans-5,6-dihydrodiol DMBA that was predominantly 5R,6R (24) ( Table 1) . In mammalian systems, metabolism of DMBA produces a trans-5,6-dihydrodiol as one of the major metabolites that has a predominantly S,S absolute stereochemistry (37) . The R,R conformation is formed when epoxide hydrolase causes hydration at the least hindered epoxide carbon atom, C-5. However, when DMBA is metabolized in the same manner, the more sterically hindered site (C-6) is attacked, leading to a 5S,6S-dihydrodiol (24) . This mechanism of bond attack may be similar in M. vanbaalenii PYR-1, and like that produced by rat liver microsomes, the trans-5,6-dihydrodiol adopts the 5S,6S conformation with 100% optical purity. (36) . Since a triple mutant of cytochrome P-450 BM-3 from Bacillus megaterium hydroxylated several PAHs and transformed 9-methylanthracene to 9-hydroxymethylanthracene (23), we are investigating the role of cytochrome P-450 in the hydroxylation of PAHs by M. vanbaalenii PYR-1.
Since K-region dihydrodiols of PAHs do not form carcinogenic vicinal diol epoxides, these reactions formed by M. vanbaalenii PYR-1 can be considered detoxification processes. However, 7-hydroxymethyl-12-methylbenz[a]anthracene has been shown to cause adrenal apoplexy and mammary cancer in rats (2) and so is not considered a detoxification intermediate. 7,12-Epidioxy-7,12-dimethylbenz[a]anthracene, a photooxidation product of DMBA (35) , has been shown to be toxic to chicken fibroblast cells (34) . While mass spectrometric analysis showed no 7,12-epidioxy-7,12-dimethylbenz[a]anthracene present in the DMBA used in treating the Mycobacterium cells, the compound did form in the control flask. Since the compound can be formed upon exposure to light, even more would have been formed if the cultures had not been incubated in the dark.
This study is the first example of the ability of M. vanbaalenii PYR-1 to degrade methyl-substituted high-molecular-weight PAHs in a regio-and stereoselective manner to form known as well as novel metabolites. This study provides evidence for the potential application of this organism for improved PAH bioremediation and enantioselective production of dihydroxylated synthons.
